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Abstract

Without resorting to special treatments for each individual test case, the 1D and 2D CE/SE
shock-capturing schemes described in Part I [1] are used to simulate flows involving phenomena
such as shock waves, contact discontinuities, expansion waves and their interactions. Five 1D
and six 2D problems are considered to examine the capability and robustness of these schemes.
Despite their simple logical structures and low computational cost (for the 2D CE/SE shock-
capturing scheme, the CPU time is about 2 pisecs per mesh point per marching step on a Cray
C90 machine), the numerical results, when compared with experimental data, exact solutions or
numerical solutions by other methods, indicate that these schemes can accurately resolve shock
and contact discontinuities consistently.
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1. Inlroduclion

The alality wo generate Onely vezolved zhocks and comact dizeontinuities at correct
loeations withowt inteocdueing nwmerieal cseillations 12 an important sequirerient of an
accttate 2olver Tor high zpeed inwzeul Homs, Feor eatablizhed zolvers (10 incleed thes exiat)
can mect tlie recuivement comaztently withowt rezorting o zpecial treatments [zuech as
tuning acive al hoe patsmicterz] for each inviclual eaze. The purpeose of tlis paper 12 o
ghiowe thiat, deapite their simple lomieal steuctures ancd lome computatiomal cost, the [T andd
2D CRSSE shock-capturing schemes desctibed in Paet T [L] generalls can meet the alome
tecuiterient conaatently with no gpecial ndivicdual teeatmen e vecuaredd.

Tt oz zhomn in [2] thae the 1T OTFSE zhock-capturing schieme iz lighly accueate in
aolving Secl’z shock-tibe problem. Recently, itz accuracy in aolving Harten'z zhock-tule
probilem was alzo evaluated againat other achemes by Batten of all [3]. They coneluled
that “The teault [zee Fige T1 12 quite remackable, consulering that the inteenal detals
ol the Tiermnn Fan oave never wsed ancl, incdesdl, aee newver nesded, heemize the entiee
Ricranann fn iz contmned within the vegion of integeation ™ Tn tlis paper, the accuracy
of the present LT zchieme will be further evaluated wang acdeitiemal test problemsz. The
tezilts b be presented will Riether substantiate another eomeluzion veached in [3], 1., “Tn
e, solutions procdueed wich thiz zeheme ave beomdly coparable to comventional 2IT5CT,

acheries ol

Az the Gest seep, theee stancdaed ezt problems invalving an infinttely long shock tule
are Wzl o evnliate thie performance of the LT CTLSE 2hock-capturing sehieme. Flow phe-
nomena aazociatedl wich these teat probilems inchcle shock maves, contact dlacontintities,
expanaion Bz ancd thewr internctioma. T the zecond zvep, two ezt problems involving a
shock tibe with two clozed ends are wzed to evaluate the eapabilivy of the 1D CR/SRE
zhock-eapturing scherie to simulate shock teflection accuratels.

Finally, six 20 teat problems ave uzed to evaluate the performance of the 20 (TSR
shock-eapturing zelictme. The phencmena aszoctated mith theae problems inelwde eonmiplex
zhock-mrawe interactions, and muliple reflectionz of zhock waves o aolicl bocdiez, One can
eomelile fror the nmetieal resulis that the CTSE methol madntaing its alvantage over
the teaclitional methocds i s plhicier, generalityr and aceirnes even in oo multicimensional
2|amce

In the [olloming zectionz, the bowncdary conditions wzed il be zpecificd prioe o the
ilezeription of the nwmerical reaultz. XNote that the swmabolz and notations uzed in Paee T
[L] st i hetitedl in FPrare TT.
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2. Boundary Condilions

2.1. Boundary Condilions for 1D Tecl Problems

Mote that nuwmetieal simuwlations of the Gest three T2 teat problemaz vo be dizeuszed
i See. 3 ave rerrvinated helore the regiom of nonunilorr Here veaches the vighe ancd led
Lownclaries of the computatiomal dermman. Az o vesule, the howncdary concitions used in
thease problemz ave timaterial az long az they are compatible wich the unbloem nature of
the zolutiem at each bowandarye For stvpheity, cthe steacds-astate hoandary conditioms aee
wmpozed at hoth bowncdaties. The aolicl-mall boanclaey eoncditioms tmposed ot the elozed
etclz of the zhock tile invalved in the last tmwo LT weat problemz ave dhizeizaed heve.

Cemaicler Fig. L Tet (1) & — »o Jar with 2o being a given eomatant anc 3 oo hall o
whaole integer, (1] the mesh pont wich § —p» — 0 2ol helomg to the zer L3, (111) g -0 he a
liall e whiole integer, ancl (1] the vghe and lefe houncdaries of the zhock tule be located e
o= g oand e — r_ s, reapectivelin The aolic-wall houndaty eoncdivions at each Dotnedaesr
will be comatructed by assurang that, at any e, the How Gelds o vhe vighe ancd el
of the hewncaes are the mieror umages of each other. Thiz assuwmpion coupled wiel the
clefinitioma of @, e ancd e given in Tl (1] of [2] mphes thiat, ot any vme ! oand for any

&y (1]
. . . . {']:g,._,,_ . l!"]:am_ . .
el s f ]l il , —adl and Ar (.5 et —— Ar l. 5 — o]l [2.1]
whete e — L33 ancd (1]
. . f']:ag_ . {']:43_ . . .
wale i w ]l — —uwale . 5 — o] and Ay N N Ay le. 5 —at] [2.2]

Tt (1] v — L/2,372,572, 00 Jy iz o hall integery ancl (1] » — 0, 1,2, .40 jpiz a
whaole integer. Then the nwmerieal boundary concditions corvesponcing vo Tz, (2.17 ancd
[2.2] are

L T _ .
i amel liemaal s i = —limall free m— L (223

[ETT LEE F FU L
el pofe T el

el

o m o m ) .
[iea] w— —lieal™ . e ommil [iaal
. it AL it AL

X -1 X .
. Tl TV L (211
LR W ] i g LR N - LEsl L2 . .

ok

veapetivelr. Note that, aceording vo Fige L, the bowundary peinta [ g1 8 D0 e ancd gy

ate telated by etther of the relationz (1] and (1) given peeceding Ty (2230,

Tet gn be oo hadl integer, then [0 g, 000 T Az o veault, the initial data sheaded De
apecificd ab the mesh poantz (0,00, 5 — —Jp—Js Leeooods— Ligse Mote that the dlaka s
lse comaatent with the tecuuivement that welocity wanizhes ab §f — _ .

Let gy be a whole integer, then [ Jp 0107 13 Az a veault, the inttal data should be
apecified at the mesh potne (J,00, 0 — —Jp  LS2, —0n 37200 0e — 372, 00— L2,
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Crven the above inital data ancd the bhoundaey conditiens Tz, (2231 ancd (2.1, the
mareling variables st all (el TEwieh jn " 07 —Jpanc v -0 can be abraaned by uzing
the ITd CTASE zliock-capture zeheme, e, Tz, (22321 and (2,657 of Paee T[L].

2.2. Boundary Condilions for 23D Tecl Problems

The stemly-state ablique zhock prablem suggested by Tee and others [4] 12 ome of
the 20 test problemsz o be diseizsed in Sees 30 Tliia wese probler will e wzed ns the
prototirpieal eaze in the following diseiizsion.

The conmputation domaan and the shock loeations [ and R aee depieted in Fig. 2.
The lowrer houndary 12 o aolclmall. Azsuming v — LA, the exact Fuler zolution o this
prolilem e

(sl Tn the vegen VR,
w— 28, »—0, p—Ll0, p—L07LA 251
i1 T othe vegion ARFD,
wo— 25093, »— —0A0832, o — LTO00, p— LA2R32 12,61
iel Tnothe regon FOE,

w— 24015, n—0., p— ZESTE,  p— 20810 (2.7

The mezh used in the curvent numerienl ealeulations 1z depieted i Fig. 3.0 Agmin o
mesh point [ A ] 0 L (e v — LA20372 572,001 12 marked by a zolicd creley while a
mezh poine DA e T Ik (e, vo— 0, L,2,0000 12 mmnarked by o hollome cieele. The maesh
1z nzpecial enze (B — 01 of that depicted in Fige. 79 in Pare T [1]. Note that only the
mesh peintz O Ly ave present ab the inflome and outlor boundaries. 2Jorecwer, nomesh
point ancd the corvezponding mareling variable will be wlenbed by the tme-level number
tr, ancd o e ezl indices poand s which ave given in Fige 3 ns o paar of integers
enclozed in paventheses. Mote that, Tor the mesh poinee S0, r— L2300 07 L el
s— 2.4,8,...,25. On the ather hancd, Tor che mesh ponee Lk, v — L2300, 0 L,
el s — LA, 5,..0,25 — 1,25 L.

With the above preliminacies, the initial and bowncdaeyr concditions can neee be gpee-
el Av all mesh potnes [r,5,00, 16012 saswmied that (1] e, mo— 12,3, nre etnlumted
wzng T (2.51, ancd (1]

:41_;“:.— :a,_:qﬂl—lffl, m— L,2,%,41 [2.5]
Futthetmore, T v — L2035, 00 the abowve conditionz (11 ancd (1] are apphed at all mesh
points at the inHow bowndaes 17 (zee Tige 30,

A the wpper boundary W0, T all v — L2, 1,352,200 (1) e are cvnluated using

T (260, ancl (1] 2 - anc w] o are evaluaeed uzing Tl (2250,

) fi'
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The zoliclmwall bhowundary conditionz ar B will be conatrieted by azsiming thiae, ae
any tie f, the Bom Gelidz belom and above B ave the mitror images of each other, By
waing the definitionz of e, e — L2,3,, miven in Tl (6.1) of Part T[L] ancl the faer thae
g — (0 at any point on FRC, it ean be zhomen thae the lazt assumprion imphes thae

el — it 1] — b ity e — L2, anel nale, —u 11— —uaie ot [2.9]

{']:aw. . . {']:aw. . . {']:aw, . . {']:aw. . . . .

T, —ig = —— i ol ——— e, —g ] — ————— ety e — L2, T2

e VTl T S et and S5 Bl ] Gy il [ 2.100]
el 7 5 5

iy . iy . iy . iy . . .

[y —igg Il — —— (i 1 omel —Z(e, —i ] — —1# ot (2.1l

bt T Lt Ly et = ] [ 2.11]

Comztcler the mezh depicted in Fige 3. Then the nuwmerieal houndary concditions coree-
aponcing o T, (229112111 ave

(g o= Gemlp e m— L2 and (ua)p | — —(uady [2.12]
(-:am;..jl.::__ te |:-:a,._u1;.':|1|,1?1jl anl f:am_t.':l::?_ te —f:am_t..:l:,;#, mo— 1,2, (2.13]

sl
I:Iag;.jln__ ta —I:Iag;.:ln_#. ancl ':“3-":'.!?- te I:IJEL.IIRJ [ 2.14]

reapectivelr. According to Fig. 3, the range of s 10 ez (201211211 12 dependent on the
time level po Tet (1] 5 — 540 5 12 eveny ancl ancd (1] 5 — 5 — L il 5 12 cxlcl.. Then (1]
s — A L2, 28 e — L2352, 00 andd (1) s — LA5S,L,28 Life — L2, ...
Furthermore, by waing Fep. (0] of Pace T[L] wich & — 0, it can be zhoren chat Tz, (2,13
anicl (2,141 ste eqpuizmlent wo

.1 . .1

T o.M FoL.oam . . -
I-i“‘“'f;ln. L T B L £ {iam{;l rat M L, 2,4 i2.1a]

aicl . .
|:.I£3:I:.'l| - — IZ-:J_?:W.:I:;J . ol ':*zf;.:':- T |:.I£3:I:.'l| [2.163]

AR L.a A R.a

teapectively. Feuationsz (20121, (2.15]) ancl (20181 ave the Dhotndaes concitionz at che lomer
wall (s aolcl-mwalll. Tn other wordz, the marching variables aszociated wich the mesh points
elowr the aolicl-mall will e determined using thease eouations.

At the cttlor boavlaes &0, o anw e — L2, 3, 0 ancdl r — 12,3, ..., B, ™o assiime

AN -
T MU (P Lt mo— 1,2,3,4 [2.17]
(imntn e = O m— 1,2,1,1 [2.15]
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amel -

(mnpdt pe. | = Citmap I mer o mo— 1,2,%,4 (2.9
By wsing T (O] of Part T [L] with & — 0, it can be zshomn thae Tz (2.15] ancd (2.19)
ate ccjitivalent to

- m L Ln—LSE ] ]

line) o 75 L — :4,;1%“12; .om— 12,34 [2.20]
ael

. n L . ) n—LE ] _

l::l!mﬂ':I“..E.q"l — 3 | g ™ Mg am m— L,2,%,41 (2.21]

Thusz the marching variables at the cneHom bowncaes will be determined wang Tz, (2.17],
(22001 ancl [2.21]0 Note that, according to the nwmerieal veaulie o be presented in See. 3,
thie cnkHore Dboandary conditioms are non-reflecting in naturee.

Wikh the sl of the albowve inttal and bowncdars conditiemaz, the marelnng varialiles ae
any time level can e determined by uzing the 20 CRJSE zhock-eapturing acheme.

Tn the abhogue zhock prablem dezeriled above, omlyr o hotizontal solic wall 12 present.
T other 20 teat problemz to be deseribed later, both hotizon tal ancd vertieal zolid-mallz mag
e present. Az mwill he shomn immediatels, imposing the zolid-wall howndaes concitions
at o vertical wall ower o unilfot mesh aimitlae o chae depieted in Fige 3 12 shghily more
commplicated than that ar s horimenval wall

Conatler the mesh depicted in Fige dinl. Tet B and &0 be zolil-wallz. Xote
that, given any exterior mezh poine (7 Lsg,el that Hes imoediatele belom B, one
can fnd an interior mesh ponte that hes ae the zave e level and alzo iz the miveor
ivinge [velative to BT of the exterior mezh peint. Az a eesule, the zolid-meall boacdlaey
comclitions Tz (2.121-12. 1) ean be tmposed. Conteartly, given any exterior mesh point
im25  Loel,e —0,1,2,... that lea fmarediatelr v the vight of ©0, one can 2ot Gnd an
ntetior mesh peant thae Hes at the zmve tme level and 12 the mivror image [relative o
00 ol the exterior mesh point. Az a eesule, the mittor image conditions e the vertical

wall 0, 1o,

(et pe = Cm e = LA anel (u2)) o — —(u2)l o [2.22]
{-:am;..:I:EF_L - —I:-:am;.:lllzg ael {-:aml..jl.:zs._t - I:-:aml..jl.:‘zs.. b — 1,4, 4 [2.27%]

ancl
I:I£3;:|“125._L - [:ag,jng, ancl 'Ziaz-l':'r-,z.ﬁ'w - —I:Iagl.jlmlq. i 2.24]

can not be wsed divectlyr az the zolicd-mall bowndaey condditions.

Trro approaches can e wazed to overeome the above difficuler. Tn che Grest appronch,
the Tollomring appromimate oz of T (22214 2.249] are used 2z the aolicl-mwall boandaes
comeliticna:

(il am., — (bt aee m— L3 and (u2) o — —(eb)) 0 [2.25]

NASA/TM—1998-208844 6



. . — . . . —
n n—L/x n n—L/x

[:am,j“ﬁ._ L —[:am,j“ﬁ. ancl I::am_u:l“lq._ LT [:am_l.:l“lq . m— LA 1228
ael
: L1 : L 1—LE : 1 : L 1—LE . —-
I:.ag;.:I“125._ . I:.ag;. N ancl I:.agl.::l“‘lq._ ) —I:.agj_. 3 I_E.EI ]
. W 11 ' 4 :
Hete {u:ﬂjw,z.ﬂ“ mo— L,2,3,41, ave evaluated using the known miarching variables ac the

mesh point [r 25, — L72] with the aid of the Geat-orcler Taglor's expanaion.

Tn the seconcd and generallyr more accurate approach, the prezent marching proceduee
12 apphed over o dual mesh. Te was explmned in Secl 5 of Pare T that o dual mesh ean be
comatclered sz the combination of vwo staggered zpace-time meshes, 1o, mesh L iFg. Aiad]
ancl mezh 2 (Fige AL Az zhomen in Fage AL, oomiesh point of mesh 2 12 alzo wlenified
Ly teeo zpatial indices poancd s, and the time-level number pe Fuethermore, aomezh poant
ires, bl ol meszh 2 iz macked by (1) 2aolicd wiangle e — 12,352,572, 0 ancl (1] & holloes
tetangle e — 0, 1,2, .. ..

Let (1] ancd & be any paar ol whole integees ancd » be any whole or hall integer suel
that (r, s, 0] teprezenta aomeszh point of mesh L and (1) #f — 0 L1720 Then, according o
Fige. Aia] ancl A1, [r, 5, 0°] tepresenta aomesh point of mesh 2 ot the p'th tme level wich
itz zpatial location being ilentienl o thae of [k s, 0] Furthetmore, (10 Toe e — 0, L2, ..,
(k25 Loeliz aomesh point of mezh L ehile (25, 0] 12 aomesh point of mesh 2, (1] for
b= LA2,372, 5752, 0 L im 25 L el amezh potne of mezh 2 while [0, 25, 1] 12 2 mezh potnt
of mezh L, ancl (1) for e — 0, L2, 1,352,000 the mesh pointz (9,25 Lied ancd (9,25, 1)
lie at the zame dme level and, eelative v 0, are mireor images of each othee. Az o
veattlt, the zalicd-rrall heandary concditions ae &0 can be impesed using Tz, [2.221-12.24],
with v — 0, 172, 1372, 0.0 Note that the marehing variables aszociated with mezlies |
anc 2 are nore conpled theough theae boundars eonditionz. Alzo note thar the e, [2.23],
(22497, 12.26] and (2271 can enmily be comverted b0 the versions aszoctated wich che [, 7]
eoctlinates by wsing T (€] of Paee T [1] with & — 0.

Trapeosing the comeditiems Tz (22214 2.2 divectly vequires the use of acdual mesh. Az
avesule, 6 hias che dizacdvantage of dowbling eompueatiemal eost. Homever, the exitn cost
no lemger beeomes an zzue 0 vhe wae of dual meshes i3 mandated by ocher consicderationa.
Az mill be explaaned in futuee papers, tliz indeed 12 the case for many peactical appheations
incliwcing those tequiring the wae of unatrictured eeiangular meshes.

NASA/TM—1998-208844 7



3. Mumerical Reeulics

3.1. One-Dimensional Problems

Az o prelminaey, s subtlety velated o the zpecifieation of numetienl inttial conditions
will e dizeuszed hiere. Az an example, me consider o zhiock-tube problem defined b the
eomzertation lam e (2.19] i Paet T [1] ancd the exact initial eonditioms: ae ¢ — 0,

U 1
. L alef ; _
Mg — Mol 01— (3.11
e ife-d
Hete (1] im0 — 12,3, are the o variables that appeas in the 1T Taler ecuations

T (2.18) of Parce T [L), anc (1) T and T (770 & 70 0om — L2,3, and & arve given
coiEhad L.

To proceedl, comatcler a compurational mesh [see Fige L1 with the properties that (1] Jais
awhole nwmber, and (1] amesh point (000 SEiland onle il 00 {012, 372,000, CiJe—
L/21}. Foreach [ J,00 0 £ the line zegment Joining the two space-time points (2 0 axs2,0]
12 part of SF 7,000 Az acvesult, the zpace-time uxes passing theough the above line segment
can e evaluated uzing etther the exact or nwmerical inttial conditiema. The reaulting trea
valies are wlentieal 0 ancd cnly 10

R ¥ np - ARz
j o L, 05 g, O de —j el e, m— 1,23 [3.2]

.
PR

Beemuze of itz Hux-based natire, accuracy of the CTSE Metliol generally will zsuffer
[ particifarle iF Mo emacl fnilial ecndilions are ool conbinies] i the nwmerieal initial
comclitions apecificdd does not aatialr T (320,

Tt f — oo el g 400, O L, o3, eeey S lap— L1, Then (55,00 12 the mmtl-peant af the
iyt J L] . L] . I

line zegrent Joining the mmesh potnea (Jy o LA2,00 07 1k Az o vesuly, T (3.2 12 saviafied i

the nmetical inttial concitions ares (1]

!",;1. i __II — __|',_r I.I.'-IE.__IIJ ﬂi..-"E.. - ..__|',5. — ll.-"E
[img 1% = im0, 001 — 1.3

r—

™"

il __II - __|',_r — I.I.'-IE.__IIJ — ﬂi..-"E.. R —__|',5. ll.-"E
amicl 1]

lidea s —

4 e

(o0 — 0 B — LA, J353, 000, D — LF2) 4.4

Moke that (1] wich | :am:l_":! eing clefinecd e Tap (3230, Ty (3.2]1 12 antizbied] vegaedlless whae
thie walues are asagned wo | :am;.:l_":!. ancl (1] the impact on nwvetienl tesulee ne o vesult ol
veplacing Ty (3.1 mith other eliciees o | :a,._q;.]_":! generallyr Fules aeeasr cuickly after a oo
ELMIE 2.
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Tet o — e omith g0 00 L2, D372, 000, CiJe— L2171 Then [J5 00 represents o mesl
poant O Lk Fuethermore, according to T (311, e mncd S, A0 are not defined at the
loeation of thiz mesh point. Az a vesult, the nitial conditiens Tz (3231 and (341 ave no
lemger appheable. Homewver, it ean e shoren eamily that T (3.2 12 antizfied i Tor any
writh [0, 0017 L, we Liavee (1]

:aml:.t"_l:.ﬂ:l. il‘j "' __|',_r
(e 1 — (3.5]
i, L :II.-"E.. iy — g
amicl 1]
[dmaa? = 00 (.63

Moke that (1] wich | :am:l_":! eing clefinedd e Tap. (32510, Tpo (3.21 12 antizbied] vegaedlless whae
thie walues are asagned wo | :am;.:l_":!. ancl (1] the impact on nwvetienl tesulee ne o vesult ol
veplacing Ty (3681 mith other eliciees o | :a,._q;.]_":! generallyr Fules aeeasr cuickly after a oo
Elme Shepaa.

Mext we mwill compate the total number ol the space-Linre mezh potnts involved in o
CE/SE strlation ancd chat involved in astmlation wsing o vrpieal vegulas-mesh selierme
which tequires omlyr ome marching step to advance bar o time petiocl At Tew (11 £ be the
apatial dimenziem of the computational domaan, (1] T Lhe the total simuladion tme, andd
il fg ancd g he the whaole integers with £ — fae s T — pgat. Then, for the stagmered
mesh uncer comsucleration [fq — 255 10 tlis easel, the total number of the zpace-time ezl
points nvolved in o CTASE simulation [excluding those that He on the initial Rne and
apatial howndaties] 12 (26, — L) - po. On the other hand, the corvezponcding number for o
vegilar-mezl acheme 12 (fo — L1 - pg, 10, about one hall of that involved in the CRSSRE
asimitlation. The difference 12 cie o the Fact thiat 1t pecuives veo mareling steps o advance
oot each time period af in the CT/SE methiol.

Furthetmore, we zhall aszime in tliz section thiat (1] g, 0, 0, o0 W ancd 51— LA denote
the mazz denaity, velocity, statie pressure, aonie zpecd, zhock mave 2ach nwmber ancd
apecific lieat tatio, reapectively, and (1) R denates the mamimium walue of [ i) slaf/as
teached duming a nwmerieal stimulation. Alzo, Tor each ezt problem, (1 & mezh similae wo
thiat cepieted i Fig. L oeill be used in numerienl simulation, aoc (1] the exact zolution (10
it exwizta] will be plotted (a2 8 2olicd hned aleng wich the numetieal zolution in every Gguree.

Alzoy, note that o (zee Tep. (26851 10 Paee T [L]1 12 the only sacljuztalble parameter in the
LD CRSSE shock-capturing achieme. Generally, numerical wiggles near o dizeontinuity are
aatizlctorly suppressed by aetting & — L. However, in some enzes, complete suppreasion
maw recire the wze of a larger value of & (eg., o — 2,30

With the abowe preliminaries, the nwmerieal resulte of Gwve [T test problemsz will
e presentecl. The fest theee invalve shock tubes of infinite lengrh. Thesy are zelected
tor clermomatente the [T CTASE shock-capruring acheme’z roluze eapalilivy T capruring
zhock ancd comiact dizeontiniities az well az o smulating expansion wavez, The last toea
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teat problems involve shock vibes mich elozed encz. They ave aelected o demematente thia
thie present aolver 12 an accurate ool bo sticdy the end effects ol shock-tile Qoo

3.1.1. Sjogreen Problem

Thiz problerm iz taken o [3]0 The inttial concditions as § — 0 ares

(Lo, 04, —2m, ilre- A
[ graie ]l — (3.7
(L0, 0.4, 2.0, e 0.5

The CEASE zolution ac f — 0.1 (Fig. 5] 12 generated assuming & — L, 2o — 0, 2
fo — LOO (e, A — 0L, and af — 0002 (CFE = (0541

The initial weloeitsy dizcon tinuibyr cazes b tarefacton Taves bo PEoRaEate 0 o posibe
clivectionz, leaving in hetween avegion of ligh vaciiom. Te was mentioned in [68] that zeveral
Crocluncw-terpe zelicmes Faled in thiz problem due o exteemels lom pressuee in the mitcldle
vegion. Te can e geen that thie present solurion ageees vers well wich the exact zoliion,
withotr shemring negative peessuee i the muklle regiom. Tez accuraey 12 compatable o
that olained bar T of all [68] wsing a gas-kinetie selieme wich £ — 200.

3.1.2. Shu-Ocher Problem

The interaction of aovcmang shoek [ 1, — 37 wich & sinuzoicdal densivyr mane 12 examined
in thiz problem [T]. The inital concditions ac § — 00 ares

(ESAT, L0J3EE, 2.629], - —
L il — i 3.5]
(L 0.2anae, LO00, My - —4

The CFASE solution at { — LA (Fig. 6] iz generated assuming o — L, 2, — —3, 25
fo — B00 (e, ar — 00L25) ancd af — 00005 (TFF = 05521,

Thiz problem does not have o knoren exact aolution. Severnl upwind zeliemies have
een waed to zolwe thiz problem to compare thetr abihityr in teaolving the peaks appearing
i the zolution [8]. The present solution iz eompatable to those obiained in [3] by wsing

the T2 sl T2 zehicries wich £ — 500,
3.1.3. Merging of Two Shock Waves

— A,

The phencmenon comaiclered in tlis peoblem involves two zhock waves propagacing
ter the tighe in an infinteely long vube with a shock of 1, — 3 hehind a weaker zhock of
A — Laipp. 13-13 of [2]1. The initial concditions at § — 0 ares

(7. LAEE, 3540 L6, 3542651, e —2.0
(il — 4 [ LSE21,2.4553,0.52161, i —2.0 . » - L3 (3.9

i Lo, L, 0.0, il LA
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A CEASE simudation iz cartied ouk assuming o — 2, 0, — —3, 2, — T, fo — 100 (1,
Ar — LT ancdl af — 00035 (CFE = 0521 The numerical vesulie ab £ — 00675, L1205 il
LeZ2, zhomen in Fige. 9, rezpectively, agree very well with the exact aolutiemz. The tea
zhocks veman zeparated uneal = L1204 Aler that, one zhiock eatelies up wich anocher
ancl tliesr merge into a sreemger shiock. The latter propagaces to the vight ae s lngher zpesd,
leaving helaned it n contact surface and o lelt-mowring expanaion fan [see Fige 91,

Note thiat there 12 a zmall pressure overshoot near the zhock i Fige 9. Az zhown in
Fig. L0, practically wlentical nuwmerieal results o f — LE2 aee abtmned 0o — 2 12 veplaced
i o — 3. Howwewer, the overzshioot 12 no lomger present in Fig. L.

3.1.4. Woodward-Clalella Problem

Thiz problem, comeerning the interaction of two blase waves inoa wbe wich elosed
enclz, waz proposed by Woodmard and Colella [LO]. Te linz no knomn exact z2olution. The
initinl comclitioms at f— () arees

Pl L0n,01, e 0.l
fpe el — £ CLOGOOL O, Aroul- e 0.8 (.10
CLoy Lo, 0), wrng - e

The twaoencds are, teapectively, at » — O and » — L where the teflecting houndary concditions
a1 poaeL.

The CTASE zolution ae ¢ — 0035 [Fig. L] iz generated assiwming o — 1, fp — 800
(e, A — OOOL25] and af — L35 = 1077 [(FF = 035241 The Qo Geld ae ¢ — 0035
[eomtaining theee contact surfaces and two zhiock wavez) zhiorrz that the contact surlaces
ate mote siveated than the shock dizeontnuities. The curvent nimetical tesults ave
leaat oz accurate sz thiose [LL] genetated by uzing the ATERT | Roe, Van Teer, ATSADY
ancd ATEAT - zphtting achemes [zee Fig. 121,

3.1.5. Waves 1n 2 Shock Tube wilh Clozsed Endse

The Heoer phenomena stucied by eliz problem (zee Fige 131 inclucde (1) the refection
ol o zhiock wave and an expanaion mave, ancd (10 the ntetaction aof the teflected manes ancl
comtact iutlace. The tibe haz clozed encdz ar 2 — 0 and 2 — L, tezpectivelr. At d — 0, a
climphengm located ab » — 025 zeparating toeo gazes ot different concditions 12 huest [pp.
205205 of [2]1. With the initial conditions

P2000, 200,000, e - 025
[l — (a1l
i L3, L0, 0.0, e - 0.25

the breaking of the dinphrags coeates o shock mave ancd an expansion wave zepacated by
A combact suelace.
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To clervonateate the prezent solver’s capalility to mmntain itz sccuraey alter a long
tinning tume, the peesent simulation with o — 2, a0 — 001 and A — 0,003 12 careeied ot
ot s periccl that 12 long encugh to shom succesnive vellections and interactions of shock
waves, expanaion waves and comiact surlaces. When f — 009, the waves have not et
teachied the ends az sheren i Fig 1A When f — 003, the lel-moming expansion maves
e Leen reflected feony thie lel encd wwhile the shock wane 12 26l mcsing vo the tight [see
Fig. LAl Av ! — 024, the shock wave has alvesclsr conmipleted itz teflection Foan the tight
encl ancd the velected zhock mwave 12 mowing o the el (zee Fige LE]. Tinz reflected zhiock
interacts with the vight-mcring contact surlface o coeate o lel-moming eanamitted 2hock,
a tight-mowing comtact surlwee, ancd o mghe-moeng zhock wane thiat, when veaching the
tight encl, 12 veflected again. A ! — 0555, there ezt in the How feld v zliock waves, one
comtact surlee, and a vegon of expansion waves [zee Fig. 1T Numerienl resules plotied in
Fig. LA-17 cowvectly dizplay the Ao phenomenn deacebed in Fig 13 st thie foue designaced
ETTRIEIE NI TN

3.2, Two-Dimengional Probleme

Tn thiz part, siv problemsz involving zhock teflection, diffeaction, and interaction aee
aolved waing the 20 CTLSE zhock-capturing scheme. The Grat 12 o stencly-ztate prolilem
while the reat are tive-cdependent. A steads-state zolution 2 obtmned as the converged
soliwtion of the tme-marching procedure [12]. Numerieal vesules ave compared wich the
exact zolutions, experimental data ot nwmerical zolutions obtaned by wang other methocls.
Tn all af the llowing numerieal stimulationsz, o — 2 12 semwmed thivoughoue the entive
cortpitkatiomal deman. Beeatize o 12 the only soljuztable parmvicter in the present acheme
isee See 6 in Part T[], e same selienre is applicd al all ivterior tresl poitts regardloss of
thie presecee of ot disecstiziitios Alzo the approvimate veflecting houndaey eoncditions,
which were dizeuszed in Seen 2 ancdd can be vaplemented wichour wang a dusl ezl will
e tmiposecl om o vertical solicl-mall howndaes unless zpecified ovhermrize.

To pave the wayr for the Tolloming presentation, a fuecher dizeussion of the z2pace-time
mesh depieted in Fig. 31z in omler. Aceording to Fig. 3, at each time level v — 0, 1,2,
there ave & | staggeesd colummns of mesh points Dmarcked by hollom cieelea] wich eaclh
colwmn comtaaning & L miesh poanta. Thus thete are (5 L1 = 07 L) mesh points
each of theae time levelz, Fusthermore, beenize toea neigh boring colwmns are separated
Ly s cistance o while two neighboring mezh pointz in any colwmn are zepaented by a
chiztance 2h, we have 5 — 170 and B — 200 wheve 1T and 7 ave the wicleh ancd highe
ol the computational derimn, teapectivels. IF Mo Hesth, e thied, the O, -2+ echiines
were awoted uptmed a distaces b s M tresl: podiibs aracked Lo hollow elrelos for a
reqitlar Cartesiae spatial oresl with 5§ and B el fntervals o the »- and y- diveclions,
respectivelr. Az a veaule, the mezh Toemed by vhe mesh pointe macked by hollom ciecles
will e pelereed boone a0 5w 7 mesl.

Similarly, ab each tme level v — 172,372, L there are 5 staggered columnz of meal
pointa Dancked b solicd ewveles] with each colwmn comtaning @ Livesh pointz, Agaan o
neigh boting colimng are separated by a diztance we and o newghboting mesh poines in

NASA/TM—1998-208844 12



any colinnn ave separated by o diztance 28, Tn tlie papet, the mezh Tovmed by vhese meszh
poants will alao be velerred o ne o 5 = B mesh, Te geneeal, regardless of how s echunes of
mesl: poinle are positioned, a spatial oresl covering a reetangislar eomyistational domale of
wictle 117 aed beighit 7T will Le coforred to asa (W70 ) = 0TS 280) meesl: if too geigllosing
eolisnie of ool poinls are soparated L oa distacee v and boo celghDosieg mesl: points
itr ant eolinne are sepatated L a distasee 25

Fot accdunl miesh teferred o earlier, thete ate o 2ot of meszh points at one e level.
Il encl zen fovmz a (FT770) = (A 2800 mezh, then the dual mezh will be velereed tooaz a
cliad (177700 ) = (P 2000 mezl.

From the abowe anadvaiz ancd the et thiat i vecpives pwo marching steps o acdvanee
L o timie periccl af in the TSR method, the total nimber of gpace-tinte mezh points
volved in o 20 CTASE stmilation iz approximately equal to (2T7a0) = 5 = 7, e, alowe
teeice thiat of a0 20 single-atep regulac-mesh stimulation 6 each simulation wees o 5 =< 7

ezl sl boeh hiacee the z2ame walues of a0 andd eoeal zimulaeicn vae T Xoee e, i the
apecial eaze that o dual 5 = B mesh 12 uzed, the wotal nmber of mezh points invalwed in
a CF/SR similation iz approvimately equal o (AT /a1 =< 5 = .

3.2.1. Oblique Shock Problem

The commputatiomal demmadn, mezh steicture and initial fhowndaey concditions wazed in
the curvent simulations of thiz problem were deactibed 1n Seel 20 A nwmerieal stimulaeien
1z eattiecd ok wang o 680 = 20 mesh wikh Al — 000 The resulung stemcls-state pressuee
comtotrs ancd the pressure coctlicient &, [— 2ipipa — LWL wich Moo — 2.9 and
Pen — LOSLA Leing the infom 2Tach nwmber and pressure, vezpectively] ab y — (L5 ave
plotted i Fig. LS, where the aolel lhine veprezents the exact aolutien. The iproseaent
o shock rezoluron by waing & fner 120 = A0 mezh can be zeen in Fig. 120 XNo nwmerical
cactllationz ave detected near eithier the inculent or the teflectedd 2hiocka, ancd the compued
£, agrees very well with the exact zolution.

3.2.2. 2D Supersonic Flow Pacl a Slep

Comzicler the supersonie channel Hom of W, — 30 past a step depieted in Fug. 20,
which 1z & standard beneclimark probilem in the Letnture. The o exlilite complicnted
phencmena such az ATach ztem, zhp suelace, expanaion o, ancd theie interactions and
teflectionz. T mas uzed to test Harten’s TV TLTLIC acheme [LY], Clannakousos and
arnindlakiz'z zpecteal element-FOT [ Aux-corvected teanzport ] methocd [LA], and ¥an Teet's
ltimate consetvative difference scheme [L5]. Te waz also uzed bar Woodmward ancd Colella [L0]
tey conv patre the accuracy of diferent nimerieal methodz i handhing a zhock diseontnuies.

Mot that the upper corner of the ztep 12 the conter of o rarelaction T sl henee
iz o singular point of the HBow. Accomding to Wondmward and Colella [LO], unlesz zpecial
muveticnl treatments ate applied near the corner of the ztep, the computed zoluvions mwould
s setionizly affected by large nuwmerieal errors generated quat in the neglh borhood of vhiz
aingular point. Specificallsy, theae ctrors catze a bowndaey layer to o quat above the seep
in the wind tunnel. A zhock then interactz with tliz houndaey lager, ancd the qualitative
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natire of the Horme in the tunnel 12 alieeed more or less demmatically, depending wpon
the cifference aehiemie and the mesh used. T will Lo shown fmarediatele that salisfactorr
wianerical sohiltions ean e olilaived Ly the preseatl selicme withoul emplovieg special
lrealoreils al e pper eorter of M slep,

The ezl wzed i the curvent simulatiem 12 alzo depieted in Fige 200 Nowe thiae ne
mesh point 12 placed ar the asingular peant ot the upper cotner of the step. The initial
codiclition s are 20t o e the foee 2teem concditionz. Fustheraoee, the conatant fee steemn
comclitions are impoaed at thie inlet while the nenrefecting oo daey conclitiens Tz (2.17],
(2200 ancl P2.200 e imipesed 2k the exit. Tn sckclition, the veecting Daolic-meall ] beanclaess
comclitions are wmposed ab all other bowncdames.

To zhicwr the improvement i How zolutions with decreased mezh zpacing, the denaityr
comtours of the solutions abraned b vhe present zolver weieh 80 = 20, 1200 % A0 ancl 240 = 50
meshes ave shown vezpectivelyr i Fig. 210 Note that the walues of At used in the alese
comm pitkationa ave lentieal to thoze wzed i [LO], e, 00075, 02005 and 00025, vepectively
T = AL From Fig. 21, 16 12 acen that the 2ach stem, eeiple point, zhp sueface,
expanaion B ab the corner, and the interaction hetween the veflected shock and the
tatelaction waves are accurately similated in the prezent solutionz. Note that an alveenate
Aimtlation i which the dunl-mezh veecting bowncdarey conditiens T, [2.22142.24) ave
wnipesaedd st the vertienl step mall smelds sl lentieal resulea.

3.2.3. Blazl Wave Problem

A blnst Bere fBeld generated st an open-ended evhindeeal zhock tule, wlich s de-
aetibed in the experiment by Sehmicl ancd Dol [L6], has heen sticdied by Wang ok all [L7]
usng an avisvrmeteie version of the peesent zolver. The evlindeeal shoek tile confg-
taticm ancd the initial conditiems are depieted in Fig. 220 An unatescly Homr feld 12 crented
at f — 0 by the suwceden vemonml of & ciaphieag ae the bp of the tube, which zepatates o
compreszec Buicl in region 2 inzicle the tule feom the surtouncing seagnans Buid in vegion
L. The chrect comtact of the high ancd lom pressure regions esults in a tavelaction wane
propagatng back into the tile and, in the meantime, a zhock wae blasung aeease o
the tule e into the amlient open gpace. The comipatizon hetween experimental veaulie
ancl CTSE solutions presented in [LT] shomes that the unsteady blast mave development
waz captired very well in the nverieal zolutions.

Comzicler the planar-Aome version of the abowe problem where 10 12 assiwomed that the
combgiration of the planar-Hor version 12 zuch that itz cross section 12 ulentieal o thae of
the awizmmetrie-How wersion. Tn other worcdz, the tibe in the original problem iz veplaced
Ly teroy zlaba in itz planas-forr version. 3 nwvenieal stimulation of the new weesion was
carticd o using the 20 CTASE zshiock-capturing acheme. The computational domadn iz
ilepietec in Fig. 23 with the understanding that the amz of symmetes 12 vepresented D
the lorer houndarse For illisteative purposes, zome TS mesh points ave alao showen
achematicallr in the zame Gguee.

The commipuitation was performed over a0 B0 = 120 mezh wich af — 000250 The non-
telectng boundaey comeditions ave umvpesed ae che inlet and cules, while the reflecting
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Lot batewr comcitions ave i posed ot the lomer and wupper bowncdaties, ancd ae all 2lal wealls,

T zhewr the time hiztory of o cdevelopraent, niverieal aoliutions at eght e levels
ate zhemen in Figa. 29 ancd 25, i whicl the pressure and density comrours tanging feom
0 to 585 with & constant nterval of 0,049 are plottec. The zequentinl plotz veveal thae
a2 the hlast wave inttiated foav the open end of the region hetmeen v alabs propagates
ter the tight, a vortew 12 developed st the hp ol the zlal wall, and 16 mcomes domnsteea
with an ascending motion. When the hlast wave veaches the upper wall, it 12 veflected s
ghiowen i the plot ar f — L0 mazee. Tn the meantime on the aviz of symmeter o notmal
zhiock 1z ormed ahead of the worter anc mowes 2lowlyr o the demnateemy divection, while
a et shear [aver 1z cveated ot the hp ol the vegion bhetween oo zlabaz, At — LA mzee, the
potticn of the Llast mave that 12 teflected Teonn the uppet mall 12 zhomn o mowe tomrared
the wortex, Afer passing the vortex, the blase wave beeomes curved ancd keeps moeing
ool to intetact with the novmal zhock belomr, az 2homen in the plotz ae f — LT mizee. Av
t — L3 mizee, the Homr pattern tevealz that as o vesult of the interaction, the Llast mave 12
Ltoken into treo parts while zeveral new vortices ave cteated. Aote comiplex Bom patterna
ate zhoren at { — 200 ancd 2.3 mazee, dezetilnng further vefection and interaction of zhock
waves and vortices.

Deapite the diffevence Dhetmeen planae ancd aviarmmeteie confgueationz, the computed
Homr fieldls ageee exteemely well wich thoze zshiomn i the zshadowgeaph pietures of the test
vezilts [L6] taken ar f — 01996 and 04937 mzee, vezpectivels.

3.2.4. Diffraclion of Shock Wave down a Slep

Tro experimiental enses, described i [po L5, L8], abowe the diffeaction of a plane
zhiock mave dlowen o ztep, are simidated hever The computationsl domain (0 "2 " 3411
clepretecl in Fige 26 wich the wpper houndaeyr being a aolicl wall. The zhock mave 12 located
at the corner of the atep ar { — 00 The teflecting boundars comditioms are taposed as vhe
wppet il lomrer wallz az well az all ztep wallz. The non-velecting houndary conditions
ate umpoaed at the inlet and oueler. Tnothe Grese caze in wlich a weak shock wave wicl
M, — L3 1z comauclered, the numerieal simulation 12 eavried oue using o L0 = 70 ezl wieh
Al — 0L The computed soluvions ae f — 042, L2, and 152 are alzo shoren in Fige 26,
in which the denaityr comtours are plotted Tror 05 o A5 wich an interval of 000250 A
comparizon of the cormputed aolutions mich che Bese aet ol the photegenphz shown on pol4s
of [15] [ reprociced here as Fig. 27) vevealz that there 12 genetal ageeement in Hore pattern,
exeept for thoze phenomena incdueed b the vzeons effect. The obaetwed zhock wanes, 2hp
hines and wortices are wery well caprured in the nverieal zolutions.

Tn the zecomd enze in wlich a strenger shock wavee wich 1, — 2.1 12 comatlered, the
nuwmerical simulation 12 carrled ok waing & LS0 = 70 mezh (0 " "AAm and 0 Ty 38
mith af — .00, The computed aolutions an f — 0275, 0875, and LATA ave zhomn in
Fig. 25, in wlich 30 densivy conrours are plocked wich che eottenr walues incveasing feom
thie miintmwm of 08 with o constant interenl of 0095, The Herr patterna exililited in
Fig. 25 are more complicated thian thiose in Fig 26, Tn large measure they are alzo similae
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tor tlicse obaerved in thie zecond aer of the photographs horen on po L5 of [L3] {eepeocdlieed
lhete sz Fug. 29,

3.2.5. Shock Refleclion from a Dusl Layer

Hete o practical problem of shock reflectiom Froan o duse lager 12 gtched. Folloming
the wedge molel dezerilbed in [L18], we comaicler o plane zhock moving to the vight il
Mach nuwmber W, — 1AL voreael o meecge wlhioze sueface 12 inclined ot angle 8., s sheoren
in Fig. 30, Square protiberances of size ©72 are placed ot equal distances T apart on the
aurlace to simulaee duse pacticles. The common ongin of the tro cootclinate syatemz (o, i)
arcl (2, o' 1 12 situated ab thie tip of the wedge, with the 2 and o axes heing parallel ancd
normal o the wedge surlaee, veapectivel.

Az depicted in Fig. 31, the compitational domadn [—05 0 #*50 "T0and 0 7y ST

Al eomrainz seven protiberaneesz. The font of the inctcdent zhock thuz makes an angle &,
with the i aviz. At — 0, the compurational doman iz divicded ineo voeo Bom vegions by che
shoek feomt that interzects the #f-aviz ar #' 77 — —02 Sranclard stationary atmospherie
comclitions are aszoved in the vegiom o the vghe of the zhock font, while conztant Buid
comclitiema wich W, — LAL are aszumedin the ather regiom. Refectng hounclars concditiems
ate wipoacd ot all zolil wallz, while non-velecting houndary comcditioms aee umplemented
at Lol thie inlet ancd outlet, and on the part of 2 aviz wich =05 " 200 70, theougl
which waves can mone feeely. On the upper boundary (37 — 4], where the reflected
waves hiave not veached belore the end of all stimulations, nwmerieal walues ave sesigned
aliesl of sl helaned the plane zshock accorcding to the exact zolution. Compitations mweee
catriecl ok Toe @ — 20°, 307, ancl A0, vezpectively, wang & 300 = LS50 mesh wich af — 001,
whete | 12 misle dimenaionlesz using £ oas the velerence lengih ancd the zpeed of zound in
thie uncizturhed vegion ns the velerence apeed.

In otcler to zhiom a clear compatiaon betmeen the expetimental ancl computed veaules,
the OS5 zolutionz are plotted in the (2, 3] coorclinates theough o coorclinate teanalforma
tien . Fiest, to shoee the unatesds evolution of wase pacternz veauluing feonn the veflection of
zhock waves cver the dustyr wedge, computed denaivyr comones at Toue different time levels

ot &, — 30° are plotted in Fige 320 The effect of varwing wedge angle on wae pattern
can be obzetved in the densityr contour plots zhoren in Fige 33 e &, — 20% s { — 38
ancl i Fige 3 foe & — A% ae £ — 30, when the inculent shock mave 12 standing ae the

wppet tight corner of the Sl protuberance. The selilieven photogeapha waken fom [L9] are
veproclueed in Fige. 3537 o show vepresentative wave patterns lor the cases 8, — 20°,30°
ancl AQ® an ifferent instantz. Tn these photogeapha, (10 2odel B oancd ATodel T veprezent
the labotatory mcclelz mith © — 8 ancd 2 mm, veapectively, and (1 T denotes the weiple
point generated b the refectiom of zhock waves feem che Gese protubetanece. The loeation
of Ty in the # divection iz indicated by the nwmetieal value of 277 i each Ggure. Te iz
zeen that, a3 the inculent zhock matve mowes lormrasl, & compression maee 12 tetlected fom
each protiherance and an expansion wave 12 generated o ez back. Geacluadlse, the -
viclial compression watves accinvtlate to for an envelope s andd o stronger comipreasion
wave {0 [2ee Fig. 368)0 For the cnzes with &, — 20% and 8, — 30%, the developments of
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wave patterns are almost the same, while e &, — A0%, & kink point B appears as shoren
in Fig. 3T. A compatizon hetmween experimental ancd nwmerieal results indieates vhat the
photographed wave patternz are corvectly eaptured in the OSSR zolutiomz. The elose
tezemblanee betmween Fig, 33 ancd Fige 35 andd ehae bhetereen Fig. 320 and Fig. 36 0 terma
of hoth warve and wortex strictures aee cleatly recomnizalile.

3.2.8. Implosion/Explosion of Polygonal Shock Waves in a Box

The probilem concerning the tmplosion fexplosion of a polygonal zhock wave in 2 zguare
Lo atawchied in [20] 12 inveatigated here. XNot only the early stage of the b plosion fexplosion
procesz, e alzo itz later development, which was not atcdied in [20], ave stlated leve.
Tt Aether demonztentes the tobuastnesz of the curtent Taler achieme in itz alality to model
multiple shock veectioms ancd internctiona.

All simulatiems ave eartied ok wamng (1) & dual 290 = 290 meszh covering o aouare ox
=2 ey 0255 and il o CFF nwmber — 0290 The velecting boundars conditions are
mpesaedd an the foue sicles of the aguare hox wich the understanding chas thie more accurate
clual-mezh reflecting boundary concditions T, (222112211 are uaed ot the vertionl walla

The intal zhock wave confgueatiom 12 a vegular polrgen. Te iz assumed thae (1] che
polrgon shares with the square bow the zmme geometrie center [oented ae (0,017, (1] cme of
the wettices of the poligon iz located an (0,050, and (1) thete 1z o lom pressuee vegion
inzicle the polygon with o pressure tatio of 10 acresz the shock. Note that, az a vezule of
i1l ancl (1], the wertices of the polyrgon ave pointz on the crcumberence aof the cirele that
haz o tacling — 0543 ancd iz convered ae (0,00,

Az the bBrse step, the early Oore Geld 12 stuched for thivee enzes in which the initial
zhock mwave combguentioms are an ecuilateral eriangle, o square ol a0 vegulae pentagon,
veapectivelr. The computed pressure and densityr comonr plots at different time lewvels
ate zhomen in Fige. 35 ancd 390 Wave patternz similar to those sheeen in Fige. -5 of
[20], obtained wsing a TVD method on a0 3539 = 359 mesh, are clearly obzerved in the
CEASE aolutionz, dizplaging detailed features zuch sz 2lach stemz and polygon-zliaped
Howr clizeom tinuities.

Az the zecond arep, the aplosion fexplosion of a hexagonal zhock mave 12 simlated
until the zecond implosion of the zhock wane 12 obzerved in the bex. AMore conmaplex Hoer
pliencmena can he aeen in the pressure and cdensivy contour plots of Figs. A0 ancd AL,
inclicling the refectioma ol zhiock waves, shock-zhock interaction, and shock-comtact surlaee
ntetnction. T iz interesting to noke that the shape of the contact surface centered an the
center of the o reramng unchanged even alier the passage of shock waves. Further
ilevelopment of the implosion fexplosion procesz can alza be simulated wsing the aame
aolver.
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4. Cloanclusions and Discuessions

By comiparing the current numerienl veaulie wich expetimental data, evact aolutions
o nverical aolutions generated b other methocds, 16 has been zhomn that che 1T ancd 20
CE/SE zhock-capturing seliemies ean accirately reanlve shock and contact dizeon tinuities
comaiztently. Fuethermore, it hiaz alzo heen zhiomn that the present achemes ave genuinels
tobust, e, welike macy olher shoek-captissing selieores, thelr aceiracy are ackioved will:-
ol reecrbing bo special breatments for cacl: fndividital case.

Beeauze of their simiple logieal steuetures ancd totally explice natuee, the present
achemes are alzo Inghly compurational efficient. Az an example, comatcler a vectomzed cole
waplementing the single-mesh 20 OSSR zhock-capturing acheme. For a 300 = 120 mezl,
the CPT tivie om oo Ceay C90 vecpuived v execite LSO mareling avepe (T — 150 = [af /2]
1z only 1 aeconcla, e, aboue 2UL6 paecs per mesh point per miarching steps.

A dhssclvantage of the prezent zchiemes 12 thae the total number of zpace-time mesl
poantz involved in each single-mezh [dual-mezl) OSSR stimilation 1z abowut twice [T
times] that of o trpieal single-step vemular-mesh simulation i each simulation uses a S = 7
mezh minl hath have the zamie walues of &, &, A0 ol coeal stmulation e T Hemrever,
tlie chizncdvantage can e compensated Tor by other acdvaneages the peesent scheme Lins,
auch az higher sccutney ancd lomrer comiputational eost per mesh point per mnaceling e,
Az an examiple, consuler the ezt problem dizeuszed in Seel 3.2.68.0 The TYT vezulie given
in [20] are generated wzing a 359 = 359 mezh while the (TSR rezultz arve generated using
acclial 290 = 290 mezh. Aszzuming thae the same R number 1z wzed in boel simulacionz,
then the waliwe of af wzed in the CR/SE simulation iz 35972490 ez that wsed in the
TV aimdation. Te can be shomn eazily that the total number of 2pace-time mesh potnes
involved in the CTASE asimulation iz only abowe 205 meore than that wzed in the TV
simtlarion. The shight dizsclvan vage of the prezent selieme can be Rether eompenaaced foe
not only by iez posaible lower computation cost per meszh point per maecling step, bt
mote i portantly, by itz abilivy wo simdate che implosion fexplosion process long past the
early stage simulated by the TV methol.
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Figure 1: A staggered space-time mesh with the spatial boundaries at j =% jp (jp = 2).
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Figure 2: The computation domain and the shock
locations of a steady-state oblique shock problem.
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Figure 3: The spatial locations and the mesh indices (1, s) of mesh points used in
a steady-state oblique shock problem (R =S =4).
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Figure 4: The spatial locations and the mesh indices (r, s) of mesh points used in a problem
with both horizontal and vertical walls. (a) Mesh 1. (b) Mesh 2.
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Figure 5: The CE/SE solution and the exact solution of the Sjégreen problem.
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Figure 9: The CE/SE solution and the exact solution of the shock-wave merging
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Figure 13: Waves in a shock-tube with closed ends.
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Figure 14: The CE/SE solution and the exact solution of the waves
in a shock-tube with closed ends problem (¢ = 0.09).
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Figure 15: The CE/SE solution and the exact solution of the waves in a
shock-tube with closed ends problem (¢ = 0.3).
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Figure 16: The CE/SE solution and the exact solution of the waves in a
shock-tube with closed ends problem (¢ = 0.4).
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Figure 17: The CE/SE solution and the exact solution of the waves in a
shock-tube with closed ends problem (¢ = 0.585).
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Figure 18: Pressure contours and pressure coefficient at y = 0.5 of the
oblique shock problem (60x20 mesh).
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Figure 19: Pressure contours and pressure coefficient at y = 0.5 of the
oblique shock problem (120x40 mesh).
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Figure 20: Geometry and Grid distribution of the 2D supersonic flow past a
step problem.
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Figure 21: Density contours of the 2D supersonic flow past a step problem
generated using 60x20, 120x40, and 240x80 meshes.
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Figure 22: The initial conditions and geometry (cross section) of a cylindrical shock tube
for the blast wave problem.
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Figure 23: The computational domain and mesh-point distribution of the blast wave
problem (planar-flow version).
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Figure 24: Pressure contours of the blast wave problem at eight ditferent time levels.
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Figure 25: Density contours of the blast wave problem at eight different time levels.
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Figure 26: The computational domain and density contours at three different
time levels of the diffraction of shock wave down a step problem (first case).
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Figure 27: Experimental results of the diffraction of shock wave down a
step problem (first case—three different time levels).
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Figure 28: The computational domain and density contours at three different time
levels of the diffraction of shock wave down a step problem (second case).
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Figure 29: Experimental results of the diffraction of shock wave down a
step problem (second case—three different time levels).
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Figure 30: Shock moving past a wedge with a dust layer.
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Figure 31: The computational domain of the dust layer problem.
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Figure 32: Density contours for the dust layer problem (&), = 30°) at four
different time levels. (a) t =0.5, (b) r=1.75, (¢) t =3, (d) r = 4.
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Figure 32: (continued)
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Figure 34: Density contours at ¢ = 3.0 for the dust layer problem ( 8y = 40°).
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Figure 35: A schlieren photography for (&, = 20°).
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Figure 36: A schlieren photography for (8 = 30°).

Figure 37: A schlieren photography for ( &y, = 40°).
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Figure 38: Pressure contours for implosion/explosion in a square box with
different initial shock wave configurations.

(a) an equilateral triangle. (b) a square.

(c) aregular pentagon.
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Figure 39: Density contours for implosion/explosion in a square box with
different initial shock wave configurations.

(a) an equilateral triangle. (b) a square.

(c) aregular pentagon.
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Figure 41: Density contours for implosion/explosion of a hexagonal shock in a
square box.
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